It has been shown that individuals with a growth mindset for learning see mistakes as opportunities to learn and improve, whereas for fixed-minded individuals mistakes indicate lack of ability. Earlier empirical research on mindsets includes both quantitative surveys and qualitative approaches with observations and stimulated recall method. During performance monitoring it is possible to probe event-related brain potentials (ERPs), enabling the investigation of the neural basis of students' different reactions to mistakes. ERP studies have shown that growth mindset is associated with an enhancement of the error positivity (Pe), an ERP reflecting awareness of and attention allocation to mistakes. More growth-minded individuals also show superior accuracy after mistakes compared to those endorsing more of a fixed mindset. Most importantly, Pe amplitude mediates the relationship between mindset and post-error accuracy. These results suggest that neural activity indexing online awareness of and attention to mistakes is intimately involved in growth-minded individuals' ability to rebound from mistakes. In this article we review and connect educational, psychological and neuroscientific points of view to investigate the role of mindsets related to learning.
Introduction
Students' implicit beliefs about the nature of their intelligence ("mindsets") are an important factor in predicting school motivation and performance in all school subjects. Carol Dweck's (2006) theory of mindsets builds on positive psychology approach to the malleable nature of human intelligence, which is in line with neuroscientific findings on the adaptive brain (e.g., Kujala & Näätänen, 2010) . According to Dweck's (2006) definition, mindsets are beliefs that individuals hold about their most basic qualities and abilities. People with a growth mindset believe that intelligence, personality, and abilities can be developed, whereas people with fixed mindsets believe that basic qualities, such as intelligence, are static and unalterable.
Students with an "entity" mindset believe that their intelligence is fixed and cannot be improved much by effort, whereas students with an "incremental" mindset believe that they can increase their abilities by working harder (Blackwell, Trzesniewski, & Dweck, 2007) . Students' mindsets shape their responses to academic challenge, independent of their actual intellectual ability. Students holding entity beliefs show poorer self-efficacy, give up more easily and adopt maladaptive strategies, which are reflected also in neural responses, to cope with failure and negative feedback . These maladaptive responses are especially obstructive as innovative and creative thinking with risk-taking and flexibility are increasingly essential learning skills in the 21st century (Dweck, 2009) . Research has shown that students' mindsets play a vital role in their learning success and in confronting educational challenges. Mangels et al. (2006) found that students who viewed intelligence with a fixed-mind emphasized performance goals ("looking smart"), whereas students with a growth mindset emphasized learning goals ("becoming smart"). A fixed mindset leaves students vulnerable to negative feedback and can lead to avoidance of challenging learning opportunities, whereas a growth mindset helps students to handle failure (Mangels, Butterfiels, Lamb, Good, & Dweck, 2006) .
Female students that hold entity theories of their intelligence are also more likely to be affected by these stereotypical beliefs and this subsequently leads to declines in female performance in Science, Technology, Engineering and Mathematics (STEM) related subjects and skills (Good, Aronson, & Harder, 2008; Tirri & Nokelainen, 2010) . Similarly, it has been found that students with a growth mindset have higher achievement during challenging school transitions, and their completion rates in demanding school courses are higher (Blackwell, Trzesniewski, & Dweck, 2007; . Furthermore, the growth mindset, whether innate or taught, seems to lower adolescents' aggression and stress levels and enhances their school performance (Yeager, Trzesniewski, & Dweck, 2012; Yeager, Trzesniewski, Tirri, Nokelainen, & Dweck, 2011) . Stimulating an incremental mindset to improve adaptive learning behavior and motivation is therefore of great importance in advancing students' learning, and requires more insight into how the neural and cognitive effects of mindsets are linked to school-related behavior, such as performance and educational choices made.
The aim of this paper is to provide a review on the role of mindsets in students' learning as well as present evidence on neural processes underlying different mindsets. We will present both quantitative and qualitative studies on these themes and intervention studies that have been successful in changing mindset orientations of students. Moreover, we will discuss how brain research can add value to these studies by providing objective evidence on the neural processes associated with different mindsets and their changes after intervention. Neuroscientific studies have shown that certain areas of the brain respond powerfully when people observe or engage in intentional activities (Iacoboni, Molnar-Szakacs, Gallese, Buccino, Mazziotta, & Rizzolatti, 2005) . In an educational context, this means that teachers should strive to learn about the mindsets and cultures of their students in relation to the school and the relevant subject matter and make educational goals as explicit as possible to the students. Social and affective neuroscience informs teachers and parents why and how students learn, which in turn may lead to innovative, effective methods for engaging students in meaningful learning (Immordino-Yang, 2009 ). The influence of students' mindsets to learning in diverse contexts and grade-levels provides important knowledge to teachers and educationalist in designing optimal learning environments. In this paper we review current research on this topic with the aim to connect educational, psychological and neuroscientific points of view to investigate the role of mindsets related to learning.
Educational Interventions on Mindsets
According to previous research, mindsets are quite stable, yet they are alterable through educational interventions (Aronson, Fried, & Good, 2002; Blackwell, Trzesniewski, & Dweck, 2007; Dweck, 2012; Yeager, Trzesniewski, Tirri, Nokelainen, & Dweck, 2011; . The main feature of such interventions has been to teach students about the neuroplasticity of the brain and its potential to change and reorganize when people learn and practice new ways of thinking (Aronson, Fried, & Good, 2002; Blackwell, Trzesniewski, & Dweck, 2007; . Even the effects of brief interventions have proven to be powerful and relatively long lasting (Paunesku, 2013; Rattan, Good, & Dweck, 2012) . For example, students' incremental theory of intelligence was successfully encouraged in an intervention that emphasized the importance of effort, strategies, and help from others in learning . Mindsets can be induced simply after reading a scientific article that describes intelligence as being immutable and stable (fixed mindset induction) or as being a malleable characteristic that is developed through learning and effort (growth mindset induction) (Chiu, Hong, & Dweck, 1997; Hong, Chiu, Dweck, Lin, & Wan, 1999) . Studies such as these indicate that even slight mindset messages can have noticeable effects on attitudes and motivation, which may transfer to longer term learning outcomes like GPA (e.g., Yeager & Walton, 2011) .
In a study by van Atteveldt, Fernandez, de Vries Lentsch, & Krabbendam (2015) , the overall aim was to investigate how 15-year old high school students' (N = 60) mindsets about mathematical ability influence their responses to making mistakes and receiving negative feedback while solving mathematical equations. Moreover, as previous research has shown that a student's mindset can be altered by information about brain plasticity (Blackwell, Trzesniewski, & Dweck, 2007) , the study assessed whether these failure-related responses can be influenced with a mindset induction prime prior to the math task. In this study a mathematical set-shifting task was used. Set-shifting requires flexible switching to changing rules. The researchers predicted that students with an entity mindset would have more difficulty with the challenging nature of the task and the requirement to change strategies. This was based on findings that entity beliefs often result in strategy perseverance and effort withdrawal, whereas an incremental mindset more often results in strategy change and increased effort (Robins & Pals, 2002) .
To induce an entity or an incremental mindset, researchers used a short PowerPoint presentation with two versions that were of equal length, had an equal amount of text on each slide and contained identical pictures. In the Entity version, the message was that each brain is unique and that how good you are at math depends on how your brain has been shaped. In the Incremental version, the message was that you can change the connections in your brain with effort, and that how good you are at math therefore depends on how much you practice.
The students from entity group demonstrated significantly more post-error slowing than the students from incremental group. A significant interaction of school level and priming condition was also found, there being stronger priming effects for the lower school level. These results suggest that a fixed mindset obstructs students from learning from mistakes and feedback, adding important knowledge on mindset by showing that school level, trait mindset, and induced mindset all contribute to dealing with making mistakes. The results of this study have important educational implications for teachers and schools, since the participants were school-aged students and the tasks used were school-related tasks. These results can therefore inform teachers to increase awareness of the importance of mindsets for math learning, and for motivation to persevere during challenging math assignments.
Brain Research on Students' Mindsets
Brain research on mindsets has used performance monitoring and event-related brain potentials (ERPs) for investigating the neural basis of students' different reactions to mistakes. By combining the assessment of behavioral responses and recordings of ERPs, one can pinpoint the distinct stages during error perception and detection and the subsequent actions. ERPs reflect these processes in the temporal accuracy of millisecond's scale (Luck, 2005) . The error related negativity (ERN) and error positivity (Pe) are two widely studied ERPs elicited during error processing that relate to adaptive behavioral adjustments following mistakes. ERN reaches its peak 50 -100 ms after an error in a simple reaction time task (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991) and is thought to be originated in anterior cingulate cortex (ACC; Gehring, Liu, Orr, & Carp, 2012) . It has been suggested that ERN is the earliest response reflecting error detection (Bartholow, Pearson, Dickter, Sher, Fabiani, & Gratton, 2005) . ERN is followed by error positivity (Pe), peaking at 200 -600 ms after the response (Overbeek, Nieuwenhuis, & Ridderinkhof, 2005) . Several brain regions, including ACC, were suggested to contribute to Pe generation (Herrmann, Römmler, Ehlis, Heidrich, & Fallgatter, 2004) . Pe is thought to reflect a conscious registration of an error, which is followed by a binary (correct vs. error) assessment of the response. It has been suggested that Pe might be associated with conscious awareness of an error (Endrass, Franke, & Kathmann, 2005; Klein, Ullsperger, & Danielmeier, 2013; Murphy, Robertson, Allen, Hester, & O'Connell, 2012; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001) , the accumulation of evidence on the occurrence of an error (Steinhauser & Yeung, 2010) , and motivated attention allocation to the error (Ridderinkhof, Ramautar, & Wijnen, 2009) . P3, in turn, is elicited by target stimuli in attended inputs at 200 -600 ms after target onset (Donchin & Coles, 1988) . It is thought to reflect perceptual, attentional, and memory-updating processes.
To our knowledge, there are so far only few studies which have utilized ERPs in investigating mindsets. The results obtained are very promising, suggesting that ERPs bring new insight to the mechanisms underlying mindsets and their malleability. Mangels, Butterfield, Lamb, Good, and Dweck (2006) measured ERPs in college students endorsing a fixed or growth mindset while they performed a difficult general knowledge test. They found that compared to individuals with a fixed mindset, individuals with a growth mindset were better in remediating errors irrespective of confidence when the mistake was initially made. These two student groups also oriented to some extent differently to information relevant for performance. This was indicated by a larger P3 response in participants with a fixed mindset compared to growth mindset to both unexpected and expected negative performance-relevant feedback. Although Mangels et al. (2006) showed differences between mindsets in neural and behavioral responses to corrective information, their effects were elicited by feedback stimuli in a task in which performance accuracy was below chance and ambiguous until the presentation of feedback. Thus, their findings do not reflect the online influence of mindset on immediate reactions to errors. Moser et al. (2011) , in turn, aimed to extend these findings to undergraduate students by examining responselocked ERPs that tap into online internal performance monitoring processes elicited automatically by response execution in a speeded reaction time (RT) task. Specifically, the study examined ERN and Pe, in order to directly assess the effect of mindset on online performance monitoring and immediate self-initiated reactions to mistakes. In their study, the ERN, Pe, and behavioral adjustments following mistakes-post-error slowing (PES) and accuracy (PEA)-were measured in a simple two-choice RT task. Based on the links between a growth mindset, enhanced attention to corrective information, and adaptive reactions to mistakes, they predicted that growth mindset would be associated with a larger Pe amplitude and greater post-error adjustments. Because the ERN is less related to error processing per se and post-error behavioral adjustments, they further hypothesized that ERN would not be related to mindset. Finally, they examined whether the Pe mediated the relationship between mindset and post-error behavioral adjustments.
Their results showed that growth mindset was associated with an enhanced Pe amplitude reflecting the detection and conscious attention allocation to mistakes and with improved performance subsequently following the mistakes made. That the Pe mediated the relationship between mindset and post-error performance further underscores its significance in linking mindset to rebounding from mistakes. The study confirmed that enhanced Pe and post-error performance in individuals with a growth mindset is consistent with Mangels et al. (2006) study showing that growth mindset was associated with enhanced attention to corrective feedback following errors and subsequent error correction (Mangels, Butterfiels, Lamb, Good, & Dweck, 2006) . Moser et al. (2011) findings extend this prior work by showing that growth mindset is associated with heightened online awareness of and attention to errors as early as 200 ms following error commission. Whereas Mangels et al. (Mangels, Butterfiels, Lamb, Good, & Dweck, 2006 ) measured responses to feedback stimuli in a task in which accuracy was ambiguous prior to the presentation of external feedback, Moser et al. (2011) found effects of mindset on internal error monitoring and immediate self-generated adjustments following mistakes. The finding that mindset was associated with Pe, and not ERN, is consistent with Moser et al. (2011) prediction and suggests that growth mindset is specifically associated with enhanced ACC-mediated error processing per se and not response selection or conflict (Steinhauser & Yeung, 2010) . Together with previous findings (Frank, D'Lauro, & Curran, 2007; Hajcak, McDonald, & Simons, 2003; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001 ) their results suggest that one reason why a growth mindset leads to a greater likelihood of learning from mistakes is enhanced online error awareness (see Figure 1) .
Overall, Moser et al. (2011) findings shed new light on the neural underpinnings of growth mindsets and their links of adaptive responses to mistakes and have important implications for academic and occupational performance. According to Moser et al. (2011) one concrete implication is that Pe amplitude and post-error adjustments measured in a simple reaction time task could serve as indicators of the effectiveness of programs that train growth mindsets towards learning. Such programs have been found to improve academic performance (Aronson, Fried, & Good, 2002; Blackwell, Trzesniewski, & Dweck, 2007) . Implementing the procedure described in their paper could be an efficient way to provide objective evidence on the success of programs that have the potential to produce more highly motivated students and workers.
Whereas these two ERP studies presented above suggested that individual differences in mindsets relate to error-and feedback-related processes, the study by Schroder, Moran, Donnellan, & Moser (2014) , among undergraduate students (N = 60) explored how experimentally induced mindsets are related to these neural processes. The response onset is at 0. Mean split procedure for forming the groups was used for illustrative purposes. Left panel, bottom, shows voltage maps for the Pe (difference amplitude; responses for error trials minus those for correct trial counterparts) for the two mindsets. Right panel, bottom, a scatter plot of TOI score (self-reported) and Pe difference amplitude (at centroparietal scalp). Higher TOI scores reflect a higher endorsement of growth mindset. Figure adopted from Moser et al. (2011) .
In that experiment the participants read a scientific article describing either that intelligence was malleable and able to change (growth mindset condition) or fixed and immutable (fixed mindset condition), a manipulation that has proven to induce mindsets (Yeager, Trzesniewski, Tirri, Nokelainen, & Dweck, 2011) before they completed the same task as Moser et al. (2011) . The study evaluated how the induction influenced both stimulus-locked and response-locked functions as well as indices of behavioral adjustment following errors, such as PES (Rabbitt, 1966) , PEA (Laming, 1979) and post-error reduction of interference (PERI; Ridderinkhof, 2002) .
First, the researchers predicted that individuals exposed to the fixed mindset would demonstrate reduced P3 and Pe, given the previous findings of reduced sustained attention to motivationally relevant information (Chiu, Hong, & Dweck, 1997; Dweck, Chiu, & Hong, 1995; Hong, Chiu, Dweck, Lin, & Wan, 1999; Mangels, Butterfiels, Lamb, Good, & Dweck, 2006; Moser, Schroder, Heeter, Moran, & Lee, 2011) . Second, because attention allocation in the previous mindset-ERP studies related to poorer post-error performance, they predicted that the individuals in the fixed condition would also show attenuated post-error behavioral adjustments (less PES, lower PEA, less PERI). They also expected no apparent effect on the amplitude of the ERN, given that they found no relation between the ERN and mindset endorsement in their previous study (Moser, Schroder, Heeter, Moran, & Lee, 2011) and because mindset theory dictates differences in the subsequent evaluation of response outcomes (akin to the Pe), and not the initial detection of the response (ERN; Mangels, Butterfiels, Lamb, Good, & Dweck, 2006) .
The results of Schroder et al. (2014) showed that the P3 amplitude was enhanced and the Pe amplitude diminished in the Growth than Fixed condition. The results were interpreted so that the induction of growth mindset leads to prioritization of stimulus processing over response processing, whereas the opposite would be true for the fixed mindset. This is consistent with previous observations suggesting that those exposed to fixed mindset have enhanced concerns on achievement outcomes than mastering tasks (e.g., Chiu, Hong, & Dweck, 1997) . Crucially, it was found that the enhanced attention to responses, as reflected by the augmented Pe in the Fixed condition did not confer a behavioral advantage on subsequent trials. That is, there was no brain-behavior correlations in the Fixed mindset-condition. In contrast, early Pe amplitudes in the Growth condition were associated with faster and more accurate responding after errors (reduced PES and enhanced PEA). Although PES has been considered to be an adaptive response to errors, recent work suggests that its utility is dependent upon the task and context and it is not always positively related to PEA. In this sample, PES may have reflected off-task orienting processing because it was negatively related to PEA. Thus, the brain-behavior relationship patterns suggest that early attention allocation to errors was directly associated with efficient post-error behavior in the Growth condition only.
Discussion
Based on our review, it is evident that students' mindsets are associated with their academic achievement and, crucially, they can be influenced by appropriate interventions. In order to understand better the processes underlying the distinct mindsets and their plasticity, combined measures of task performance and concurrent ERP registrations have already proven very useful, even though such studies are still very scarce.
The results suggesting that mindsets are adaptive and can be influenced by interventions are very promising in the context of education. The studies have shown that even very brief intervention including knowledge on the value of effort and the potential for brains to adapt to new information has had a positive influence on students' learning and achievement. These kinds of interventions have a great potential to support learning in both teacher education and in schools. Brief interventions related to different subjects in schools could be performed in every grade-level, which could result in improved academic achievement of students.
ERP studies, providing the opportunity to inspect neural processes associated with perception, cognition, and responses have shown differences in the neural reactivity to mistakes in individuals with growth vs. fixed mindset. It was found that growth mindset is associated with an enhancement of the Pe (Moser, Schroder, Heeter, Moran, & Lee, 2011; Schroder, Moran, Donnellan, & Moser, 2014) , an ERP reflecting awareness of and attention allocation to mistakes (Endrass, Franke, & Kathmann, 2005; Klein, Ullsperger, & Danielmeier, 2013; Murphy, Robertson, Allen, Hester, & O'Connell, 2012; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001 ). More growth-minded individuals have shown superior accuracy after mistakes compared to those endorsing more of a fixed mindset. Most importantly, Pe amplitude was found to mediate the relationship between mindset and post-error accuracy. These results suggest that neural activity indexing online awareness of and attention to mistakes is intimately involved in growth-minded individuals' ability to rebound from mistakes. Based on these results it is evident that some of the ERP components, such as Pe, could serve as indicators of neural changes following mindset induction. Linking interventions on mindset education with brain research would result in objective and measurable evidence on the effects of interventions on students' performance and achievement.
So far, the earlier research on mindsets has focused on adults or teenagers with short-term interventions. We still lack mindset research among children and with longitudinal effects on learning. It would be important to illuminate how younger students in schools change their fixed mindset in learning to a growth mindset and the long-term effects should be identified in their learning outcomes in school. A demonstration of intervention-induced positive influences on mindsets in young students would promote the large-scale application of such interventions early at school, which might improve the students' learning results early on. Consequently, the future work should attempt to establish evidence for the significant changes both in young students' still developing brains and in their learning outcomes at school. We argue that the mindsets of students, teachers, and parents play key roles in identifying and actualizing students' future potential. In future studies, we need a multidisciplinary approach to mindset education with an early start in the elementary school to promote learning re-silience of the students and build growth mindsets. In this attempt we need to utilize educational and psychological research along with brain activity studies in order to acquire quantitative and qualitative evidence with neural plastic changes.
